1. Introduction
===============

Eosinophils, granule-bearing leukocytes found in peripheral blood and tissues, are best known for their roles in asthma, allergy, and other disorders in which eosinophils are recruited in response to cytokines released by type-2 helper (Th2) T lymphocytes. Eosinophils do not ordinarily come to mind when one thinks generally of respiratory virus infection. However, at least for one important respiratory virus, the human respiratory syncytial virus (RSV), eosinophils and their unique secretory mediators have been detected in lung tissue in response to primary infection and as a feature of a characteristic hypersensitivity response to inactivated vaccines and vaccine components. Interestingly, eosinophil recruitment and accumulation are almost always perceived in a negative light, as it is assumed that these cells contribute to tissue damage, bronchoconstriction and respiratory dysfunction via degranulation of their cationic secretory proteins and enzymes. However, recent descriptions of antiviral activity both in vitro and in vivo suggest that eosinophil function may encompass both of these functions, and present more of a "double-edged sword." Clearly, we do not have a complete understanding of the role of eosinophils in disease caused by RSV; this review highlights many of the questions that remain to be answered.

2. Human RSV disease
====================

Respiratory syncytial virus (RSV) infection is a near universal affliction of infancy and childhood, accounting for approximately 50% of all pneumonia and up to 90% of the reported cases of bronchiolitis in infancy. Of those infants infected during the first year of life, one-third develop lower respiratory tract disease, and 2.5% are hospitalized, accounting for more than 90,000 children in the United States every year. In many previously healthy infants, RSV disease is a mild and self-limited infection involving the upper and lower respiratory tract, with varying degrees of peribronchiolar and interstitial inflammation. In others, disease progresses to severe bronchiolitis and pneumonia, including submucosal edema and bronchiolar obstruction requiring oxygen, and in the worst cases, mechanical ventilation. Infants at particularly high risk for severe disease include those born prematurely, infants and children with cardiac or pulmonary anomalies, and the immunocompromised, although a recent study by [@bib41] noted that a substantial portion of the children with serious illness had no pre-existing medical condition. Prophylactic monoclonal antibody therapy is available for high risk infants only, but no vaccine has been approved for use. RSV has also recently been recognized as an important pathogen in the institutionalized elderly. The clinical features and pathology of RSV disease have been reviewed extensively, and the reader is referred to these excellent sources of additional information ([@bib75], [@bib11], [@bib104], [@bib78], [@bib21]).

3. Basic biology of human and mouse eosinophils
===============================================

Eosinophils are leukocytes of the granulocyte lineage, as are neutrophils and basophils. Eosinophils differentiate in the bone marrow from CD34 antigen-positive pluripotent progenitor cells and are released into the bloodstream in more or less completely mature state. Under normal, homeostatic conditions, very few eosinophils can be detected in peripheral blood (only ∼2--3% of total leukocytes), as the vast majority reside in the tissues, primarily the gastrointestinal tract. In response to as yet incompletely characterized stimuli, typically observed in allergic states, during infection with helminthic parasites, and in some idiopathic hypereosinophilic states, Th2 lymphocytes are activated, which results in the production of a specific subset of "Th2" cytokines, including interleukin-5 (IL-5). Interleukin-5 has a unique impact on the eosinophil lineage, as it induces the expansion of eosinophil progenitors in the bone marrow, it primes of eosinophils in the periphery, and it prolongs eosinophil survival in the tissues. Eosinophils are capable of responding to a wide variety of other stimuli, and can undergo chemotaxis in response to eotaxin-1 (CCL11), MIP-1α (CCL3), and RANTES (CCL5), which are chemoattractant cytokines that interact with eosinophils via specific cell surface receptors (CCR3, and CCR1/CCR5, respectively). Interestingly, despite years of research, there is still no absolute consensus on eosinophil physiology and function, even in well-characterized disease states. For example, while eosinophils and eosinophil secretory mediators can promote destruction of helminth eggs and larvae in experiments performed in vitro, experiments performed in vivo with cytokine-deficient and eosinophil-deficient mice have yielded complex and inconsistent results (reviewed in [@bib62], [@bib36]). Similarly, although the weight of evidence suggests that eosinophils contribute to the pathophysiology of allergy and asthma, a chronic respiratory disease in which bronchoconstriction in response to environmental triggers is typically associated with production of Th2 cytokines and recruitment of eosinophils to the airways (reviewed in [@bib69], [@bib37], [@bib81]), asthmatic responses are obviously negative sequelae of eosinophil function that alone cannot represent a direct evolutionary advantage to the host organism. Among the more recent hypotheses, several groups have focused on eosinophils as immunomodulatory mediators, as eosinophils can interact both directly and indirectly with T cells and mast cells, and can release a wide variety of preformed cytokines and other secretory mediators, primarily from cytoplasmic granules ([@bib46], [@bib2], [@bib66]). There are several recent and complete reviews of eosinophil biology that provide extensive coverage of these and related subjects ([@bib96], [@bib44]).

Mature eosinophils from all species are readily recognized by their eccentric bilobed nuclei and their characteristic red-staining cytoplasmic granules; examples of human and mouse eosinophils are shown in [Fig. 1](#fig1){ref-type="fig"} . As noted, human eosinophil granules are storage sites for cationic secretory mediators, including a unique eosinophil peroxidase, the eosinophil major basic protein, ribonucleases eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN), and numerous enzymes and cytokines. Despite similar morphology, human and mouse eosinophils differ from one another, and cannot be presumed to function identically in all circumstances. For instance, while there are several reports describing high affinity IgE receptor (FcɛRI) in human eosinophils from parasite-infected and asthmatic subjects ([@bib39], [@bib4], [@bib92]), this finding and its functional significance has been questioned ([@bib61]), and FcɛRI has never been detected on eosinophils isolated from mice. Similarly, the sialic acid-binding Ig-like lectin Siglec 8, can be detected on the surface of human eosinophils, while mouse eosinophils express the highly divergent functional ortholog, Siglec F. The mouse eosinophil ribonucleases are highly divergent orthologs of human EDN and ECP ([@bib67]) and Charcot-Leyden crystal protein, a major human eosinophil component, cannot even be identified in the mouse genome. Mouse eosinophils also display a profoundly reduced propensity to degranulate and undergo differential chemotaxis to known exogenous stimuli ([@bib19], [@bib9], [@bib68]). As such, eosinophils from humans and mice may look similar to one another, but they may not be formally identical to one another in their actions and in their capacity to cause, to ameliorate, or even to serve as biomarkers for disease.Fig. 1Eosinophils. (A) Human eosinophils isolated from peripheral blood by negative selection and (B) mouse eosinophils detected in bone marrow.

A number of recent studies have associated eosinophils and eosinophil degranulation products with various aspects of RSV infection in both human disease and in parallel mouse models, which need to be understood with the aforementioned caveats in mind. Here, we review some of these findings with an eye toward understanding what is and what is not known regarding the role of eosinophils, their role in vaccine-induced pathology, their interactions with respiratory virus pathogens and the outcome of severe respiratory virus disease.

4. Hypersensitivity responses to formalin-inactivated RSV vaccine---are the eosinophils at fault?
=================================================================================================

In the early 1960s, a number of children were enrolled in a clinical trial of a formalin-inactivated RSV vaccine. The negative outcomes of this trial, including a record of the detailed responses of the vaccinated children who encountered a natural RSV infection sometime thereafter, have been documented and reviewed extensively ([@bib13], [@bib82], [@bib14], [@bib84]). Briefly, it has been concluded that non-neutralizing, non-protective antibodies developed in children immunized with the formalin-inactivated virus, and, upon encountering a natural RSV challenge, the vaccinated children developed a hypersensitivity response to the virus antigens, characterized by bronchoconstriction and severe pneumonia. Lung histology from two children that ultimately died as a result of this trial revealed deposition of antibody-virus complexes and a pronounced tissue eosinophilia ([@bib57]). One or more of these features, which have collectively been termed "enhanced disease" have been replicated and modeled with formalin-inactivated RSV in multiple species, including other primates, ferrets, cotton rats, and mice ([@bib12]) as well as with formalin-inactivated bovine RSV in cows ([@bib3]). Interestingly, hypersensitivity responses of this nature are not unique to formalin-inactivated RSV; there are a limited number of reports describing aberrant responses to formalin-inactivated measles vaccine ([@bib40]). This phenomenon has also been replicated experimentally to varying extents in cotton rats with formalin-inactivated versions of human metapneumovirus ([@bib29]) and parainfluenza virus ([@bib85]), and in some reports, even to carrier antigens ([@bib90]). There is also a recent report of a severe hypersensitivity reaction, including Th2 cytokine-mediated eosinophil infiltration into the lung tissue, in BALB/c mice immunized with a vaccinia-virus construct expressing the SARS coronavirus (N) nucleocapsid protein ([@bib112]). Our group has demonstrated that immunization of mice with formalin-inactivated pneumonia virus of mice (PVM) followed by intranasal virus challenge likewise results in pulmonary hypereosinophilia in the absence of a serum-neutralizing antibody response ([@bib86]; [Fig. 2](#fig2){ref-type="fig"} ). PVM is a natural rodent pneumovirus pathogen that is related to RSV; PVM replicates extensively in mouse bronchiolar epithelial cells tissue, eliciting a profound and potentially lethal inflammatory response, similar to the more severe forms of RSV disease ([@bib95], [@bib35]).Fig. 2Hypersensitivity responses in mice vaccinated with formalin-fixed pneumovirus antigens. (A) Lung tissue from a mouse vaccinated with formalin-inactivated pneumonia virus of mice (PVM; a mouse pneumovirus related to human RSV) and then challenged intranasally with actively replicating virus (B) Eosinophils detected in bronchoalveolar lavage fluid from the mouse described in (A); (C) percentage eosinophils detected in bronchoalveolar lavage fluid in mice vaccinated with formalin-inactivated PVM vs. control antigen. Panels (A) and (B) reprinted with permission from [@bib86].

Gene-deletion and cytokine depletion mouse model studies all point to Th2 cytokines (IL-4, IL-5 and IL-13) as crucial to eliciting pulmonary eosinophilia in response to formalin-inactivated RSV ([@bib23], [@bib15], [@bib16]). A recent study by [@bib79] suggested that the oxidation of RSV antigens resulting from formalin exposure elicits a Th2 response in vivo. [@bib30] and [@bib25] have both reported that independent toll-like receptor (TLR) stimulation ([@bib56]) in conjunction with RSV antigens results in a rebalancing of the Th1/Th2 cytokine responses, thereby reducing pathology. In initial studies aimed at exploring the molecular mechanism of Th2-mediated immunopathology, pulmonary eosinophilia was observed in mice immunized with recombinant vaccinia virus expressing RSV-G protein followed by live RSV challenge in most ([@bib49], [@bib50], [@bib53]) but not all ([@bib83]) published trials, results which initially suggested that the pathology related to formalin-inactivation might be attributed mechanistically to aberrant reactivity to this one protein alone. However, although the endpoint -- pulmonary eosinophilia -- looks more or less the same, recent analysis indicates that the pulmonary eosinophilia that develops in response to RSV-G protein and eosinophilia that develops in response to formalin-inactivated RSV proceed via different molecular mechanisms ([@bib14], [@bib51], [@bib48]).

4.1. Are eosinophils contributing to the pathophysiology?
---------------------------------------------------------

Much of the focus of the enhanced disease/hypersensitivity studies has been on the presence of eosinophils and mechanisms of eosinophil recruitment to the lung tissue, yet we really do not know if eosinophils are directly responsible for the pathophysiologic responses bronchoconstruction seen in the human subjects, whether they play an as yet unexplored role in altering subsequent immune responses ([@bib2], [@bib46]), or whether they are perhaps simply innocent bystanders. In other words, we still do not know whether the vaccinated children became ill because of pulmonary eosinophilia, whether the eosinophils were engaged in altering future responses to virus infection, or whether eosinophilia is a neutral secondary finding. These questions have been explored to some extent in mouse models using wild type and gene-deleted mice immunized with vaccinia-virus vectors expressing RSV-G and RSV-F proteins ([@bib15], [@bib16], [@bib53], [@bib13]), but, as noted above, these experimental systems are now recognized as mechanistically unrelated to the pathology induced by formalin-inactivated RSV antigens. As such, although findings address the role of eosinophils, and suggest that eosinophils may not be contributing to systemic disease ([@bib14], [@bib51], [@bib48]), these conclusions may not be directly relevant to the way in which eosinophils contribute to pathology in the setting of formalin-inactivated RSV antigens. The role of eosinophils in modulating pathology induced by formalin-inactivated vaccine antigens has not been explored, and might be addressed in mouse models of explicit eosinophil deficiency, i.e....the ΔdblGATA ([@bib113]) or TgPHIL mice ([@bib70]).

Thus, although our longstanding prejudices might make it easy to conclude that eosinophils contributed directly to the lung and systemic pathology observed in the initial vaccine trials and in the subsequent mouse modeling experiments, it is important to recognize that the presence of eosinophils in the lung may or may not result in wheezing and bronchoconstriction. The data from mouse models are inconclusive on this point. Furthermore, the presence of eosinophils alone, even in human conditions, does not necessarily imply severe respiratory pathology. For example, in eosinophilic bronchiolitis, patients complain of only minimal respiratory symptomatology despite pronounced pulmonary eosinophilia ([@bib100]). Thus, at current writing, while eosinophils may serve as important biomarkers for aberrant hypersensitivity reactions, we can reach no conclusions regarding their contributions to pathophysiology from the published experimental data.

5. Eosinophil recruitment in response to primary RSV infection---a cause for alarm?
===================================================================================

Although respiratory virus infection is not among the diseases typically associated with Th2 lymphocyte activation and profound pulmonary eosinophilia, eosinophils and/or eosinophil granule secretory proteins have been detected in lung washings or systemically in infants in need of supplemental oxygen via mechanical ventilation secondary to severe RSV infection ([@bib65], [@bib43], [@bib38]) ([Fig. 3](#fig3){ref-type="fig"} ). As mentioned earlier, it is not at all certain whether pulmonary eosinophilia is uniquely related to the RSV pathogen, or whether one observes eosinophilia in response to RSV because it is the predominant severe respiratory pathogen among very young infants. Although not reported as frequently, the eosinophil granule protein ECP has been detected in nasopharyngeal secretions in response to other respiratory virus infections, including influenza and parainfluenza ([@bib22], [@bib64]).Fig. 3Detection of eosinophil granule proteins in lung washings from infants diagnosed with RSV. Concentrates of lung washings from infants undergoing ventilatory support for ELISA-confirmed severe RSV disease (lanes 1--10) probed with antibodies against eosinophil-derived neurotoxin (EDN) and eosinophil cationic protein (ECP); lanes 11--12, concentrates of lung washings from infants ventilated secondary to other causes, +C, positive control. Reprinted with permission from [@bib43].

A number of recent studies have suggested that the age at which the individual experiences a first RSV infection has a profound impact on the nature of the primary response. In general, Th2 cytokines (IL-4, IL-5) and evidence of eosinophilia (cells and/or degranulation) are detected more readily in younger infants, although results are not completely consistent in all studies. For example, [@bib64] examined the responses of infants diagnosed with RSV and found that those who were less than 3 months of age at the time of first infection had higher levels of IL-4 in their nasphopharyngeal secretions than children who were older, although no differences were observed in nasopharyngeal levels of ECP. Likewise, [@bib105] documented elevated levels of both IL-4 and IL-5 in serum samples of RSV-infected infants who were less than 18 months old at the time of primary infection than in older infants. Similarly, [@bib58] examined eosinophils in bronchoalveolar lavage (BAL) fluid in RSV infected infants (ages 0.4--1.8 years) and found that the number of eosinophils detected in BAL fluid correlated closely with IL-5 concentration, although interestingly, the age range of the group in which eosinophils were detected was not significantly different from the age range of the group in which eosinophils were absent.

Nasal eosinophilia has been detected in response to respiratory viruses (rhinoviruses, coronaviruses) other than RSV, although the circumstances tend to be limited and highly specific, such as in patients with pre-existing respiratory allergies ([@bib108]). Of particular interest, several groups have reported that influenza infection stimulates the production of the eosinophil chemoattractants eotaxin (CCL11) and RANTES (CCL5) in normal nasal and airway epithelial cells in culture, which suggests the possibility of eosinophil recruitment ([@bib54], [@bib55], [@bib73], [@bib74]). The role of eosinophils in acute SARS-CoV remains completely unexplored, but the eosinophil secretory ribonuclease, EDN, was among the 52 signature genes that discriminated between individuals recovering from severe SARS-CoV infection and healthy controls ([@bib71]).

Several large clinical studies have led to the consistent conclusion that infants who have recovered from severe RSV bronchiolitis are at significantly increased risk for both recurrent wheezing and childhood asthma ([@bib80], [@bib87], [@bib26], [@bib27]). Given the presumed role of eosinophils in pathogenesis of acute allergic asthma, it seems reasonable to ask whether the eosinophils recruited to the lungs during severe primary RSV bronchiolitis might cause, or at least predict progression to wheezing. Causation is of course difficult to ascertain in human subjects, however, a prospective study by [@bib91] demonstrated that infants who were less than 1 year old and who had elevated serum ECP levels during a primary RSV infection were nearly 10 times more likely to have developed symptoms of wheezing in later childhood than older children, and children without elevated serum ECP. However, [@bib101], following much the same methodology found that serum ECP was not predictive of progression to wheezing. In a more recent prospective study, [@bib17] examined the outcomes of RSV-infected, \<1 year old infants; in this study, 48% of those enrolled went on to develop allergic symptomatology by age 6, with a statistically significant higher prevalence of asthma developing among the children who were infected with RSV at a younger age (below 6 months). Among those developing asthma, there were no differences in peripheral blood eosinophil counts at the time of acute RSV infection, nor were the cytokine profiles (as determined by phorbol-myristate stimulation of isolated mononuclear cells) of children who developed allergic disease different from those who did not.

5.1. What can we learn from mouse models of primary virus challenge?
--------------------------------------------------------------------

Given the complexities of natural disease, and the fact that there is no human condition in which an individual is uniquely devoid of eosinophils, it is helpful (if not crucial) to have appropriate animal models to explore questions of association and causation. Inbred mice have been employed extensively to study responses to RSV, although it is important to recognize that RSV inoculation of mice is formally a challenge-clearance model rather than an infection model, as RSV undergoes little if any replication in mouse lung tissue.

[@bib98], [@bib99] have explored RSV challenge in mouse models; in these studies, the authors describe Th2-cytokine dependent recruitment of eosinophils and associated airways hyperreactivity, a finding that has implicated eosinophils in the pathophysiologic mechanism. Eosinophilia was also noted in a mouse model of secondary RSV challenge; [@bib24] detected eosinophil recruitment to the airways upon secondary RSV challenge among mice undergoing primary challenge at one day of age; eosinophil recruitment declined dramatically if primary challenge was delayed until mice were 1 week old, although the authors found no statistically significant difference in systemic disease, measured as weight loss, between these two sets of challenged mice. [@bib26], [@bib27] likewise found that the extent of airway hyperresponsiveness induced by a secondary challenge was directly dependent on the age of first virus challenge, similarly associated with augmented eosinophil recruitment when the primary challenge occurred in mice \<1 week of age. [@bib106] performed a similar study, and identified Th2 cytokine responses in neonatally primed mice that were associated with diminished virus replication in lung tissue. Finally, also noteworthy is the study of [@bib42] in which mice were primed with recombinant RSVs expressing Th1 (IFN-gamma) or Th2 (IL-4) cytokines prior to RSV challenge. In contrast to mice primed with rRSV/IFN-gamma, mice primed with rRSV/IL-4 sustained airway eosinophilia in response to subsequent RSV challenge. Although IL-4 clearly functions to suppress antiviral CD8+ T cell function in many other experimental settings ([@bib110], [@bib109], [@bib10]), challenge with RSV/IL-4 had no impact on the number of CD8^+^ T cells recruited to the lung nor on the fraction producing IFN-gamma when compared to mice challenged with wild-type RSV alone. The RSV/IL-4 primed mice had reduced lung virus titer and were protected against weight loss, a finding that correlated with the recruitment of eosinophils. As is clear from these findings, the precise role of eosinophils remains uncertain, but one thing that is clear is the fact that eosinophils do not universally provoke lung pathology and systemic disease.

The role of RSV and PVM in enhancing asthmatic type responses via an interplay with known allergens has also been explored ([@bib97], [@bib5], [@bib6], [@bib72]); while the weight of evidence suggests that eosinophils play crucial roles in mouse models of asthma, what that precise role might be (promoting acute airways hyperreactivity vs. more chronic remodeling) is a complex and controversial issue that has been considered extensively by others ([@bib47], [@bib70], [@bib45]) and is beyond the scope of this review.

6. Do eosinophils promote antiviral host defense?
=================================================

One of the more curious aspects of eosinophil biology is, as discussed thus far in this review, once they are detected, particularly in lung tissue, eosinophils are almost always considered as contributing in some negative way to the pathophysiology of disease. This is most intriguing, given our understanding of the role of their sister cell, the neutrophil, and the concept of the double-edged sword ([@bib102]). In other words, we know that neutrophils are recruited in response to bacterial and fungal infection, and serve to promote host defense against these invasive pathogens. However, if signals go awry, if neutrophil clearance does not proceed, and/or if neutrophil activation persists, pathology ensues. We were among the first groups to suggest that eosinophil function might encompass a positive, host-defense aspect as part of perhaps a more subtle double-edged sword ([@bib93], [@bib94]), and to consider the possibility that eosinophils may be recruited in part to promote primary antiviral host defense, perhaps in situations in which acquired immune responses are less than immediately effective ([@bib77]). Interestingly, eosinophilia has been reported in association with T cell dysfunction in human immunodeficiency virus (HIV) infection ([@bib107], [@bib20], [@bib32]); this finding may in turn be related to the propensity for hypersensitivity reactions observed among HIV-infected patients ([@bib88]). However, correlations between eosinophilia and disease pathogenesis are often difficult to ascertain. In a primary study, [@bib107] found that elevated eosinophil counts among HIV-infected patients correlated with progression of disease and declining CD4^+^ T cell counts, while [@bib18] found no correlation between HIV viral loads, CD4^+^ T cell and eosinophil counts among more than 600 HIV-infected patients in sub-Saharan Africa, although concurrent helminthic parasite infection was clearly a confounding variable.

The first indication that eosinophils might have the means to function in promoting antiviral host defense came from a series of studies we performed in the late 1990s. In this work, we determined that eosinophils, acting at least in part via their secretory mediators, could reduce the infectivity of respiratory syncytial virus for target epithelial cells in vitro ([@bib31]); [@bib103] likewise demonstrated that eosinophils inhibit RSV infection in tissue culture. Shortly thereafter, [@bib1] demonstrated that eosinophils elicited by allergen sensitization served to limit virus replication and/or promote virus clearance in guinea pigs challenged with Sendai virus. In a more recent study, [@bib89] demonstrated accelerated clearance of RSV from the lungs of the eosinophil-enriched IL-5 transgenic mice, and furthermore found that full antiviral activity was dependent on intact TLR signaling in eosinophils introduced exogenously ([Fig. 4](#fig4){ref-type="fig"} ).Fig. 4Eosinophils promote antiviral host defense. (A) Eosinophils reduce the infectivity of RSV for target epithelial cells in vitro; (B) eosinophil-enriched interleukin-5 transgenic mice promote accelerated RSV clearance compared to wild type mice, with reduced virus titers detected at all time points examined. Panels (A) and (B) reprinted with permission from [@bib31] and [@bib89], respectively.

As discussed earlier, we have explored the responses of mice immunized with formalin-inactivated PVM followed by live virus challenge. In experiments using eosinophil-deficient ΔdblGATA mice, we found that eosinophils were not a crucial component of the small degree of protection resulting from this immunization strategy ([@bib86]), a finding perhaps related to the virulence of this pathogen in inbred strains of mice, as well as its ability to infect eosinophils ([@bib34]).

7. Are eosinophils among the direct targets of respiratory virus infection?
===========================================================================

Our studies with PVM ([@bib8]) and examination of pathology specimens from RSV patients ([@bib111], [@bib52]) demonstrate that pneumovirus replication in vivo takes place primarily in respiratory epithelial cells. However, it is clear that other cells, including human monocytes, support replication of RSV and PVM in culture, and release proinflammatory cytokines in response to virus infection ([@bib7], [@bib33], [@bib63]). Given the questions regarding the role of eosinophils and their interactions with respiratory viruses, we set out to determine whether pneumoviruses could infect and replicate within eosinophils, and to determine what the outcome of this infection might be. [@bib60], [@bib59] originally demonstrated that RSV could be taken up by purified human eosinophils, and virions were identified in phagolysosomal compartments, but virus replication was not examined. To explore PVM replication in mouse eosinophils, we utilized our recently described method for generating sustained cultures of \>95% pure mature eosinophils from unselected bone marrow progenitors ([@bib34]). With eosinophils generated by this culture method, we demonstrated greater than a fourfold increase in PVM titer, associated with the replication-dependent release of the cytokine interleukin-6 ([Fig. 5](#fig5){ref-type="fig"} ). Others have explored interactions of pneumoviruses with eosinophils, including [@bib28] who determined that human eosinophils were unable to release granule proteins in response to RSV challenge without coincident exposure of virus to CD4^+^ T cells and antigen presenting cells. This differential response might be explained by the work of [@bib76], who documented that granule proteins and cytokines are released from eosinophils via unique and distinct secretory pathways. Among the questions left to be explored: How often are infected eosinophils detected in vivo, at what point during an acute infection are they detected and under what specific circumstances? Does virus infection and intracellular replication induce eosinophil apoptosis or disable eosinophils in some other, more subtle way, and thereby reduce their ability to promote virus clearance and antiviral host defense? Answers to these questions may shed some light on differential responses observed in the aforementioned experiments.Fig. 5Pneumovirus replication in eosinophils. Cultured eosinophils derived from mouse bone marrow (A) stained with modified Giemsa and (B) stained with anti-mouse MBP antibody. (C) Replication of PVM in cultured mouse eosinophils; filled symbols, replication competent PVM; open symbols, heat-inactivated PVM. PVM is detected by quantitative RT-PCR targeting the virus SH gene. (D) Replication of PVM in cultured mouse eosinophils is accompanied by the replication-dependent release of interleukin-6; reprinted with permission from [@bib34].

8. Conclusions and future research
==================================

The manner in which eosinophils respond to and participate in respiratory virus infection is very far from clear. While pulmonary eosinophilia is a hallmark, or biomarker of the aberrant hypersensitivity response to formalin-inactivated RSV, there is no clear indication that eosinophils actually contribute to the negative sequelae of disease. Likewise, while severe primary RSV is associated with pulmonary eosinophilia and progression to asthma, these two features have not been linked clearly to one another mechanistically or pathophysiologically. Finally, several groups have shown that eosinophils can promote virus clearance, but this interesting and positive feature of eosinophil function is not observed in all circumstances or in all situations. Among the possibilities that have yet to be explored, eosinophil function may be less dependent on numbers elicited, and related more closely to the quality and extent of activation, to the unique nature of the cytokines eliciting recruitment, and/or to the strength of the signals sustaining viability in situ. These are all issues that are worthy of consideration, as we attempt to improve our understanding of the true nature of the eosinophilic leukocyte, and strive to achieve some clarification and sense of balance between their perceived negative and their incompletely characterized positive contributions to homeostasis and host defense.
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